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ABSTRACT
This paper describes a control approach for tran-
sitioning VTOL UAVs controlled by differen-
tial thrust, allowing to fly in all flight phases
spanning a continuous transition between hover
and cruise flight. A quaternion based attitude
controller makes use of an additional reference
frame that is rotated by the transition angle with
respect to the body-fixed frame. This approach
allows intuitive control and applies to various ve-
hicle configurations. After building a simulation
model, a small series of tests is used to build and
validate maps of the flight characteristics of the
vehicle. These maps are inverted and used to
control the vehicle’s velocity. Test flights with
a custom built VTOL UAV for transition angles
up to 70◦, validate the control approach.
1 INTRODUCTION
Currently, UAVs are increasingly deployed in various ap-
plications such as surveillance, mapping, inspection or trans-
portation. VTOL UAVs such as multi-rotors prove to be ad-
vantageous over conventional fixed-wing UAVs due to their
ability to land and take-off vertically or hover. The disad-
vantage is their limited flight speed and distance. Therefore,
VTOL UAVs that can transition from hover to efficient for-
ward flight are being developed such as reported by [1]. Con-
trol is a major challenge for these transitioning vehicles since
they have very distinct flight phases. On top of that, various
configurations of propellers, control surfaces or other actu-
ators are used in the design of transitioning VTOL UAVs.
Hence, different controllers might be required for each de-
sign configuration. Figure 1 presents an overview of differ-
ent configurations of VTOL UAVs controlled by differential
thrust. Configuration (a) uses two wings, in the prop wash
of the quadcopter [2]. A ‘+’ - configuration is used for con-
figuration (b) [3] and configuration (c) [4]. This provides a
structural advantage, since the arms connecting the propellers
also strengthen the wing. The swirl of the wake of the two
propellers at the wing tips can also potentially counteract the
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swirl behind the wing tips, thereby improving aerodynamic
efficiency. An annular wing is also possible, as presented in
configuration (d) [5] and studied by [6]. The annular wing
protects the propellers and decreases the noise. The Ver-
tiKUL (e), uses a ‘H’ - configuration as internal structure to
provide a large space for payload in the center of the vehicle.
Its successor, in configuration (f), uses smaller wings to im-
prove stability in windy conditions. The propellers therefore
still produce part of the required lift in forward flight and are
placed at an angle of 45◦ with respect to the wing, in con-
trast to the former examples in which wing and propeller are
placed at approximately 90◦ with respect to each other.
Fig. 1: Overview of transitioning VTOL UAVs configura-
tions, controlled by differential thrust: (a) Quad-
Rotor-Biplane, (b) XCraft XPlusOne, (c) Quadrotor-
Tailsitter, (d) Santos Lab Orbis, (e) KU Leuven Ver-
tiKUL, (f) KU Leuven VertiKUL 2
A broad overview of other hybrid UAV designs, their
modelling and used control strategies, is presented by Saeed
et. al. [7]. This overview also includes designs with con-
trol surfaces. To control a transitioning UAV, initially a sep-
arate controller can be designed for both the hover phase and
the cruise phase, with an automated transitioning manoeuvre
between these two flight phases, as described by [8]. How-
ever, this preludes the vehicle’s potential of flying at inter-
mediate speeds as in [9] and [10], where horizontal speed
during cruise flight is fixed. Continuous flight in-between
hover and cruise has been reported also by Johnson [11] and
Wagter [12]. Wagter describes control of speed and altitude
of the Atmos VTOL UAV and uses a clever interpolation be-
tween commands of different controllers. The control ap-
proach for transitioning VTOL UAVs, described in this paper
follows from requirements at separate levels of control.
The first level of control is attitude control. Conventional
roll-pitch-yaw with collective thrust as used for multi-rotors
is very well suited when roll and pitch angles are limited,
typically to + and −45◦. Most transitioning VTOL UAVs
however are designed to pitch down up to 90◦, which poses
an interpretation problem for a human operator, as illustrated
in figure 2: the front side of the vehicle points downwards
after transition. Since the vehicle does not fly towards the
ground in this new configuration, what used to be the upside
of the vehicle is now being interpreted as the new front side.
Additionally, pitching down towards 90◦, results in a close-
to-singularity representation of the roll-pitch-yaw representa-
tion of the orientation.
Fig. 2: Illustration of the interpretation problem after transi-
tion of the vehicle. (image: Convair XFY-1 Pogo)
The second level of control involves velocity control. The
velocity control level allows inexperienced users to fly the
vehicle with only three inputs: horizontal speed Vx, vertical
speed Vz and turning rate ωz , schematically presented in fig-
ure 3.
For fixed-wing UAVs, the horizontal speed is controlled with
the throttle and the vertical speed with the pitch angle. For
multi-copters, this is exactly the opposite: since the propellers
point upward, vertical speed is controlled by throttle and hor-
izontal speed by pitch angle as presented in figure 4 .
For transitioning VTOL UAVs, controlling horizontal
speed or vertical speed involves a combination of pitch and
throttle control action, depending on the transition angle they
are flying at. In some controllers for multi-copters, thrust is
scaled by a factor 1/ cos θ, with θ the pitch angle, to compen-
sate for the loss in lift at high horizontal speeds, hence high
pitch angles. The same approach can be applied to fixed-
wing controllers: thrust is increased by some factor to com-
pensate for the loss of forward velocity when a greater ver-
tical speed is requested by increasing the pitch angle. This
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Fig. 3: Velocity control inputs and conventions.
Fig. 4: For a VTOL UAV in hover or a fixed wing in cruise
flight, horizontal and vertical speed control are per-
formed by pitch or thrust control action. For transi-
tioning VTOL UAVs, where the propellers have an
angle with respect to the free-stream airflow, horizon-
tal and vertical speed control are performed by a com-
bination of pitch and thrust control action.
approach works fine for small changes in flight regime.
The third level of control finally uses Vx, Vz and ωz to
generate a trajectory for the UAV. Such a navigation algo-
rithm for a transitioning UAV is described by Ferrel [13]. In
this paper, only the first two levels of control, i.e. attitude and
velocity control, are described.
To test the control approach, a test vehicle is composed
out of a quadcopter frame and a styrofoam wing, as pre-
sented in figure 5. The different components are specified
in table 1. The take-off mass of the test vehicle is 1.7kg
and the wingspan is 1.4m. The wings have a sweep of 23◦
and winglets are installed for lateral stability. The motors are
turned 10◦ around the quadrotor arms to improve control ca-
pability for yaw in hover and roll in forward flight. The wing
is mounted at an angle of 70◦ with the propeller plane, thus
resulting in a 0◦ angle of attack at 70◦ transition.
Component Specification
Frame DJI F450 Flamewheel
Battery Zippy Flightmax 2800mAh
14,8V 4S 30C
High discharge LiPo battery
Propellers DJI 8045R
Motors DJI 2212/920KV
ESC 30A OPTO
11,1V - 14,7V
3S-4S LiPo
30-450 Hz frequency respons
Flight control 3DR Pixhawk
RC receiver Robbe R6107SP
7 channel receiver
2,4GHz RASST
GPS 3DR uBlox GPS
Tab. 1: Overview of the components for the test vehicle
Fig. 5: The test vehicle.
2 ATTITUDE CONTROL
When flown by a human operator, the most common way
to control a UAV is by controlling the roll and pitch angle,
yaw rate and thrust. A feedback controller regulates the mo-
tor speeds in order to realize the desired attitude of the vehi-
cle. The attitude of the vehicle with respect to the Earth is
expressed as the orientation of a body-fixed coordinate frame
attached to the UAV, with respect to the inertial frame, at-
tached to the Earth and presented with rotation matrix bwR.
Because for human interpretation, the front side of the vehi-
cle changes orientation after transition, an additional frame is
defined for which the human operator can control roll, pitch
and yaw with respect to the Earth frame. This frame twR is
rotated with respect to the body-fixed frame with an angle λ,
now referred to as transition angle. The orientation of the
body-fixed frame with respect to the earth frame is therefore
composed as:
b
wR =
t
wR
b
tR, (1)
with
t
wR = R(Z,ψ)R(Y, θ)R(X,φ), (2)
and
b
tR = R(−Y, λ). (3)
The definitions of the reference frames is presented in fig-
ure 6.
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Fig. 6: Definition of the Earth frame, body-fixed frame, tran-
sition frame and transition angle.
The transition angle is also commanded by the human op-
erator. This simple solution allows the operator to fly the ve-
hicle intuitively at transition angles ranging from 0◦ to 90◦.
Figure 7 schematically shows the addition of a transition an-
gle to the attitude controller.
Fig. 7: Overview of the intuitive attitude control with use of
an additional reference frame and transition angle.
3 VELOCITY CONTROL
The velocity controller is expected to allow speed and
heading control by an inexperienced user or by a path plan-
ning algorithm. The controlled variables are the vehicle’s
horizontal speed Vx, vertical speed Vz , turning rate ωz and,
optional, lateral speed Vy , which is mainly interesting in the
hover phase. The approach for velocity control proposed in
this paper is based on a model of the response of the vehicle
to a throttle and transition angle input. This model is then
inverted and used to map Vx and Vz requirements into tran-
sition angle and throttle setting outputs. A similar approach,
using a dynamic inversion method is presented by [14] and
applied to a quad tilt wing UAV or by [15] for a transitioning
fixed wing UAV.
In a first step a model of the test vehicle allows simula-
tion of various flight phases between hover and forward flight,
based on different control inputs. Instead of simulating the
flight phases, they can also be measured during test flights
as was done by Smeur [16] for the Quadshot VTOL UAV.
A comparison with test flight data validates the simulation
model. The velocity controller for Vx and Vz uses this model
to regulate the thrust and transition angle. ωz and Vy are con-
trolled with a control that does not require the model of the
vehicle.
3.1 Modelling
The test vehicle is modelled in a Simulink environment.
The model contains a finite wing with wing tips to model lift
and directional stability. Airfoil data from −180◦ to 180◦ an-
gle of attack of the NACA 0012 airfoil is presented in figure
8 and used to model the wing. The parasite drag of the arms
Fig. 8: Aerodynamic coefficients of a NACA 0012 airfoil
[17].
and motors is approximated by the drag of a sphere around
the center of gravity of the vehicle. The mass is measured and
the inertia follows from a detailed 3D mass model. The thrust
generated by the four propellers is modelled as a function of
the throttle signal and the component of the flight speed par-
allel to the propeller shaft, or axial velocity Vax. The propul-
sion system, consisting of battery, speed controller and mo-
tor for each of the four propellers, is tested with three differ-
ent propellers to obtain the relation between RPM , PWM
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Fig. 9: Relation between torque, RPM and PWM throttle
signal for the propulsion system of the test vehicle.
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Fig. 10: RPM of the propeller as a function of the axial air
speed and required thrusts [18].
throttle signal and torque. Figure 9 presents this relation
for the propulsion system of the test vehicle. The blue dots
present RPM and torque measurements for the three types
of propellers. The relation between torque, RPM and throt-
tle is combined with propeller data presented in figure 10 and
11 to obtain the thrust as function of throttle and flight speed.
The steady state velocity Vx and Vz of the simulated ve-
hicle with a constant throttle and transition angle applied, is
recorded for the throttle varying between 0% and 100% and
the transition angle between −20◦ and 90◦. This results in
two maps presented in figure 12 with, respectively, Vx and Vz
as a function of the throttle and the transition angle. As ex-
pected and observed on the left graph, the highest speed Vx
is achieved at full throttle and the largest transition angle. At
this operating point the vehicle is descending. The highest
climbing rate is achieved also at full throttle at zero transition
angle. At this operating point, the vehicle also has a small
forward velocity. This is because the wing is now at a nega-
tive angle of attack, producing a force that pushes the vehicle
forward.
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Fig. 11: Torque of the propeller as a function of the axial air
speed and RPM [18].
Fig. 12: Left: steady state Vx of the test vehicle in simulation
at a given throttle and transition angle. Right: steady
state Vz at a given throttle and transition angle.
Throttle and transition angle are required to accomplish
the desired Vx and Vz . Therefore the graphs are inverted and
a smooth fit with a polynomial function is used to interpo-
late between the data points. The advantage of fitting a poly-
nomial through the data points are that abrupt changes are
smoothed and little memory and computing time is required
to evaluate the function, in contrast to storing a large lookup
table and interpolating between the values. The disadvantage
is the loss of accuracy, depending on the quality of the fit.
To evaluate the polynomial fits that result from a series of
simulations, they are compared to actual flight data, presented
by the green dots on figure 13.
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Fig. 13: Comparison between simulated data points, the fit-
ted surface and measured data points in flight. The
large green dots present data points from flight tests,
the small blue dots present the simulated data points
and a polynomial fit is presented by the surface.
Top: amount of throttle required for steady state
flight at a given Vx and Vz . Bottom: required transi-
tion angle at a given Vx and Vz .
3.2 Vx - Vz Control design
With knowledge of the relation between the transition an-
gle and throttle signal on one hand and the resulting hori-
zontal and vertical velocity on the other hand, a controller is
designed. For a desired flight speed, the appropriate throttle
and transition angle are calculated based on the polynomi-
als and provided as feed forward to the attitude controller. A
PID controller is added to cancel the error between the de-
sired and the measured velocities and decrease the response
time between commanded velocity and actual velocity. Gain
scheduling can be applied to improve the performance of the
control loop [19]. When flying at high speed, typically a
lower gain will be required for the altitude control, since a
small control action in transition angle will result in a large
change of vertical velocity. Without the additional controller,
a step input from hover to fully transitioned forward flight
would result in an initial loss of altitude since flight speed
has to build up before the wing produces enough lift. Also,
there will always remain an error between the polynomials
used for the control and the reality. This is due to the imper-
fect simulation model, small mass and geometry changes on
the vehicle after repairs or change of payload, external con-
ditions such as wind and air density and the approximation
of simulated operating points with a polynomial. Figure 14
shows the overview of the velocity controller, based on the
polynomials shown in the center.
Fig. 14: Overview of the velocity controller
3.3 ωz Control design
The heading of the vehicle is controlled by the ωz con-
troller. This controller accepts commands from the human
operator or the path planner. The desired ωz is integrated to
find the reference heading angle ψref . A roll angle is applied
to cancel the lateral velocity of the vehicle and make a coor-
dinated turn. The desired roll angle is calculated as [20]:
φ = arctan
(
V ωz
g
)
(4)
with V the velocity of the vehicle. This angle is applied as
input to the roll controller, schematically presented in figure
15. A feedback loop cancels out the error on the lateral veloc-
ity. This controller minimizes the slip or skid angle, resulting
in efficient turning behaviour. The maximum desired turning
rate ωz max decreases for higher speeds since the ability of
the vehicle to rapidly change heading decreases.
ωz max =
g tan (φmax)
V
(5)
This also keeps the maximum commanded roll angle φmax
limited.
The user can still influence the roll angle with an addi-
tional term φctrl, presented in red on figure 15, that allows the
vehicle to fly with a lateral velocity. While this is not desir-
able at high velocities, it is required at low velocities in order
to allow precise hovering. If the measurements of the lat-
eral velocity are accurate enough for both high and low flight
Fig. 15: Overview of the ωz controller with optional control
of Vy .
speeds, a Vy controller can regulate the lateral velocity that
is requested by the user by adapting the additional roll angle.
For the test vehicle described in this paper, the user directly
applies an additional roll angle to the angle commanded by
the controller to control the lateral velocity.
4 FLIGHT TEST AND VALIDATION
The proposed control approach in this paper is imple-
mented on the test vehicle. First the intuitive attitude control
approach is implemented. To this end an extra channel on the
remote control is used by the operator to turn the reference
frame of the vehicle and allow intuitive operation. This con-
troller is then used to collect data for the velocity controller:
throttle and transition angle are set and kept constant until the
vehicle reaches a steady state. Vx, measured by GPS, and Vz ,
measured by barometer, are logged on the flight controller of
the vehicle and used to validate the simulations as was illus-
trated in figure 13 in section 3.
As a first step to validate the velocity control approach,
the polynomial fits are used in feed forward without a feed-
back control loop. The throttle and transition angle com-
mands that are generated by the feed forward controller dur-
ing a test flight are presented in figure 16 for the case in which
the test vehicle starts from hover at a constant altitude and the
user commands cruise speed Vx, presented by the blue line.
The vehicle transitions forward and throttle is kept constant
since this is required at cruise speed.
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Fig. 16: Visualisation of the feed forward horizontal velocity
controller on the test vehicle, starting from hover:
an operator request to fly forward is realised by de-
creasing pitch.
Figure 17 shows the logged data during a test flight in
which the command for Vx is kept constant and the Vz com-
mand is varied. Initially the test vehicle is flying in steady
state at a transition angle of 30◦ or a pitch angle of the body
frame with respect to the earth of −30◦, presented by the
green line. When the user commands a high Vz , presented
by the blue line, both throttle and pitch are increased. For a
desired descend rate, the vehicle pitches further nose down
and throttle is decreased.
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Fig. 17: Visualisation of the feed forward vertical velocity
controller on the test vehicle, flying at 30◦ transition
angle: an operator request to climb is realised by
increasing transition angle and throttle, a request to
descend does the opposite.
During testing, a problem occurred for descending at high
speed. The vehicle starts to accelerate towards the ground
but the propulsion system is not able any more to generate
enough moment to pitch the vehicle back up and stabilize the
descent. Although the motor can spin the propeller to more
than 9000RPM (see figure 9, section 3) and the propeller
generates thrust to speeds up to 25m/s at this RPM (figure
10, section 3), the moment to pitch the vehicle back up in
this fast descent is too low. There are several ways to over-
come this dangerous problem. A propeller with a higher pitch
can be chosen, or the maximum RPM of the motors can be
increased by selecting motors with a higher kV value or us-
ing a battery with a higher voltage. Both options result in
more available thrust at higher speeds, but also a loss in ef-
ficiency at low speeds. Increasing the length of the arms to
which the motors are mounted increases the control moment
of the propulsion system with differential thrust without any
loss of efficiency, however this leads to a heavier structure. A
last option that does not result in an efficiency loss or heavy
structure, is to use motor controllers that allow the propeller
to spin backwards and produce a negative thrust. This way,
control moment is available at any speed and additionally the
vehicle will be able to ‘brake’.
5 CONCLUSION AND FUTURE WORK
The control approach described in this paper offers a gen-
eral solution for the control of various configurations of tran-
sitioning VTOL UAV controlled by differential thrust. The
control approach works between hover and cruise or vice
versa through the continuous transition. In a first step, the
addition of a rotating reference frame allows a human opera-
tor to control the vehicle with an intuitive attitude controller.
Secondly, a velocity controller controls the throttle and tran-
sition angle of the vehicle to accomplish a desired horizontal
and vertical flight speed. As a result, an inexperienced hu-
man operators or a general path planning algorithm is able to
control any VTOL UAV controlled by differential thrust in an
intuitive manner. To apply this controller to a given VTOL
UAV, flight characteristics of the vehicle are simulated, based
on the specific configuration of the VTOL UAV and are vali-
dated through a small series of test flights. The velocity con-
troller relies on a stable attitude controller for all flight phases.
It could therefore be necessary to apply gain scheduling.
A test vehicle was custom built in order to test and val-
idate the control approach. Data from flight tests with the
intuitive attitude control were used to validate a simulation
model, since obtaining enough test data points in the whole
operating range of the VTOL UAV has proven to be very
time consuming. The simulation model of the VTOL UAV
provided a solution to obtain these data points. The data
points that were measured during test flight match the simu-
lated points with errors less than 20%. A way to improve the
data used to generate the polynomials, is using flight test data
instead of simulated data. Since the number of possible op-
erating points is large, this test process could be automated.
It would also be possible to update the polynomials during
flight, if a consistent error is measured for a certain required
operating point.
From flight tests we learned that the current test vehicle
cannot recover from a fast descending flight regime. The best
proposed solution for this problem is to implement a propul-
sion system that allows the propeller to turn in the opposite
direction in order to brake and keep control of the vehicle in
all situations.
In future work, a wind speed estimator has to be added
to distinguish between air speed and ground speed so that a
velocity with respect to the ground can be controlled. The
control approach has shown to be promising, although further
testing on different platforms is required to show its general
applicability.
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